A new type of optically transparent electrode is fabricated using template-stripped gold film whose surface shows highly oriented, atomically flat terraces and steps. The electrode indicates typical Au(111) electrochemical properties and stability for spectroelectrochemical measurements.
Introduction
The advent of single-crystal electrodes having clean, well-defined and highly-oriented surfaces has enabled a further understanding of the solid electrode/electrolyte interface. 1 Combined with electrochemical scanning tunneling microscopy (STM), the properties of not only a well-ordered, but also atomically flat electrode surface are being elucidated at the molecular level, which contains even adsorption/desorption phenomena of electrolytic ions. 2, 3 Single-crystal metal electrodes are also employed in measurements with an ultramicroelectrode, and with a vibrational spectroscopy combined with an external reflection mode. [4] [5] [6] Alternative spectroelectrochemical measurements utilize an optically transparent electrode, and a thin-layer transmission cell utilizes the UV/visible region. This arrangement has been developed as a powerful tool to investigate the electronic state in biological compounds, such as redox proteins and electron-transfer mediators. 7 Because many single-crystal electrodes with atomically flat surfaces are made up of a material with tiny beads, it seems to be difficult to be subjected to transmission spectroelectrochemical measurements.
Among noble-metal electrode materials, because gold has a relatively lower melting point (1064 C), a thin film of gold carefully prepared by vacuum evaporation could show a stable and highly oriented (111) textured surface. 8 We have also noticed that if the thickness could be sufficiently small (≤50 nm), a highly oriented Au film electrode with optical transparency would be possible. However, such a thin film of metal might show less adhesion to the substrate materials. For strong adhesion, an underlayer of a transition metal (Cr, W, Ti) has been interposed between the metal electrode material and the substrate, glass or other oxide substrates. 9 In this case, such an underlayer causes another problem involving electrochemical dissolution by pinholes, and of the interdiffusion of the underlayer material to the noble-metal surface. To eliminate the effect of alloying for the electrode surface, the thickness of the metal electrode material needs to be at least ~200 nm. 10 Such an electrode shows no optical property or transparency in the visible region at all. In order to overcome the above difficulties, we have proposed a fabrication method that enables a thin film of metal to immobilize the glass or quartz substrate firmly by using optically transparent epoxy adhesion layer (templatestriped technique).
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In the present study, we indicated the possibility of the concept for new type of optically transparent electrode by applying highly oriented Au film of singlecrystalline grade to a Au/epoxy/quartz substrate.
Experimental

Reagents and chemicals
Au of 99.95% purity (Nilaco Co., Ltd.) was evaporated onto an air-cleaved mica substrate (30 mm × 50 mm, Nisshin EM Co., Ltd.) from a conical tungsten filament source (Nisshin EM).
The reagents used for the electrochemical and spectroelectrochemical measurements were HClO4, H2SO4, K3[Fe(CN)6]·3H2O, CuSO4·5H2O, and KCl. All chemicals were the reagent grade (Wako Pure Chemical), and employed without further purification. All solution were prepared using ultrapure water (Milli-pore, > 18 MΩ).
Apparatus and procedures
The preparation of Au films was carried out in a stainless-steel chamber. The typical base pressure in the chamber was about 1 × 10 -6 Pa, achieved via a turbomolecular pump (YTP-50M, ULVAC). The deposition rate was 0.1 nm s -1 and the Au film thickness used here was about 50 and 100 nm order, which were determined by a quartz thickness monitor (CRTM-6000, UVLAC). The substrate temperature was heated to 500 C. It was monitored by a chromel-alumel thermocouple mounted on the substrate holder. The mica substrate was baked for more than 12 h before Au deposition. The surface orientation and topography were examined by X-ray diffraction (XRD), STM and electrochemical and measurements. The XRD measurements were performed by a commercial XRD system (Mac Science  M03HF 22 ) operating with a Cu Kα X-ray source. The Cu Kα beam through with a divergence slit, DS = 1 , and beamed onto the samples (1 cm × 1 cm) that stuck on the holder and then passed through a Ni filter, a scattering slit of SS = 1 , and a receiving slit, RS = 0.15 mm to detector with a scanning rate of (2θ/θ) 2 /min in the continuous scan mode in the range of 10 to 70 . STM measurements were carried out with a commercial STM system (SII SPA-300/SPI-3700) at room temperature. All STM images were obtained at a tip bias of -50 mV with a constant current of 1 nA. A mechanically cut Pt-Ir (90:10) wire was used as the tip. The optical absorption spectra were measured using a spectrophotometer (UV-3150, Shimadzu). The electrochemical and spectroelectrochemical measurements were performed using the conventional three-electrode cell configuration. In the former case, a Pt wire and an Ag/AgCl (3 mol dm -3 (M) NaCl, BAS) were used as the auxilliary and reference electrodes, respectively. On the other hand, in the spectroelectrochemical cell Pt wires were both the auxiliary and quasi-reference electrodes, respectively. The electrode potentials in the voltammograms were converted to RHE references, and then indicated in this study. For a working electrode, a thin gold film on mica was glued face down using epoxy glue (Epo-tek 301-2, Epoxy Technologies) on a quartz plate (16 mm × 22 mm). After the gold/mica was stuck to the quartz substrate using epoxy glue, curing was done by heating on a hot plate at 80 C for 3 h. The mica/gold/epoxy/quartz (or glass) substrates were soaked in tetrahydrofuran, and then the mica was stripped carefully. The resulting gold/epoxy/quartz substrates were subjected to sonication in hot water for 15 min. The electrical resistivity of the gold surface appeared after the stripping was checked by a digital multimeter (PC510, Sanwa) to confirm that the mica was completely removed. The working Au film electrodes were used just after stripping the mica from the Au(111)/epoxy/substrate so as to avoid any contamination. The exposed Au film electrode area using an O-ring was 0.502 cm 2 in electrochemical measurements. For spectroelectrochemistry, the Au(111)/epoxy/quartz as the working and two platinum wires as quasi-reference and auxiliary electrodes were set in an optically transparent thin-layer cell. In the cell, an electrolytic solution was introduced between the working electrode and a bare quartz plate with a Teflon spacer, whose thickness was 0.4 mm. The area of the working electrode was 52 mm 2 (13 mm × 4 mm). The voltammetric curves were measured using a potentiostat (HAB-151, Hokuto Denko Co., Ltd.). The results were recorded on an X-Y recorder (WX-1100, Graphtec Co., Ltd.) and a data logger (GL-200, Graphtec), simultaneously. All experiments were carried out at room temperature (25 ± 1 C). Figure 1 shows the XRD pattern of a Au film prepared by evaporation, whose thickness was 50 nm. Reflections ascribed to the mica substrate are indicated by dots. There is an intense Au(111) pattern between those of the mica substrate, indicating that the deposited gold film has a highly orientation. STM imaging was used to investigate the morphology of the Au film surface. A typical STM image of Au film surface is indicated in Fig. 2 . It is demonstrated that the presence of large atomically flat terraces occurred, whose step height is about 0.25 nm. Almost the same morphology was observed on either the front side of the evaporated Au surface on the mica substrate or on the back side on an epoxy/quartz substrate which appeared after stripping mica. It is necessary for optically transparent film electrode materials to be sufficiently thin so that visible light can transmit through the electrode materials, metal film in this case. In a previous study with spattered Au films, even though the thickness of a Au film that was prepared on a silicon wafer and then glued onto glass substrate was only 10 nm order, the electrode material showed sufficient electronic conductivity to electrochemical measurements. 11 The STM images showed that there were domains that penetrated perpendicularly through the spattered Au film, and that the transmittance of light could be attributed to these holes. However, the underlayer was not metal which would be dissolved into an electrolytic solution with potential application, but the epoxy layer, which enabled electrochemical measurements even in a strong acidic aqueous solution. In the present study, the evaporated Au film, whose thickness would be less than about 40 nm, had no more atomically flat, but corrugated, surface morphology. Therefore, the minimum thickness of the Au films employed in the measurement for the working electrode was determined to be 50 nm. The orientation of the Au single-crystal electrode can also be estimated by electrochemial measurements. 12 Figure 3A shows a cyclic voltammogram for the Au/epoxy/quartz electrode in a 0.1 M HClO4 aqueous solution. The current-potential curve for the formation of the oxide film and the corresponding reductive elimination confirmed the typical redox response for the Au(111) surface as the working electrode. 12 As another representative redox reaction for the Au(111) surface, the UPD process of Cu(II) ion in an acidic aqueous solution was carried out. For Au(111) the current-potential curve shows pronounced peaks that indicate at least two different steps for Cu monolayer formation.
Results and Discussion
13-15 Figure 3B shows a cyclic voltammogram for the Au(111)/epoxy/quartz electrode in a 0.05 M H2SO4 aqueous solution in the presence of 5 mM CuSO4. Two different waves for UPD of Cu are clearly observed in the potential region at between 0.3 and 0.6 V vs. RHE.
The electrochemical measurements shown here indicates that the Au(111)/epoxy/ quartz electrode has inherent properties that Au(111) possesses, regardless of the tiny thickness of the metal part, and is stable even in a strong acidic aqueous solution. Next, the spectroscopic property and the capability as an optical transparent electrode were investigated for the Au(111)/epoxy/quartz materials. Figure 4 presents the visible absorption spectrum of the Au(111)/epoxy/quartz where the thickness of Au film is 50 nm. The spectrum had absorption at 500 nm, the characteristic of thin Au film, though a relatively large absorbance due to the thickness was observed. The potential range covers the states of the solution species from the absorbing (λmax = 420 nm) oxidized form, which exists at 0.44 V, to the transparent reduced form, which is completely achieved at 0.30 V. Each spectrum at a given potential was stored only when two successive spectra were unchanged. This ensured that equilibrium had been achieved in the electrochemical cell. Equilibrium was obtained within 10 min at each potential. The broad absorbance decreases with decreasing negative potential up to 0.30 V, after which no additional decreases are observed, because the redox species in the cell was completely electrolyzed. If the potential was stepped in the anodic direction to form the absorbing ferricyanide, the optical absorbance trends were completely reversible. The spectra were also fully reproducible with a number of cycles indicating the stability and usefulness of the Au/epoxy/quartz optically transparent electrode in spectroelectrochemical measurements. Figure 5C shows a plot of E vs. log([O]/[R]) for the data in Fig. 5B . The plot is linear, as predicted by the Nernst equation. 16 The slope of the plot is 56.7 mV, which corresponds to an n value of 0.96, and the intercept is +0.385 V vs. RHE, which corresponds to an E o ′ for [Fe(CN)6] -2/-3 couple. Because a Pt electrode was used as the quasi-reference, this value is reasonable, and ensures the validity of the measurement.
